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An optical coherence tomography method according to the
present invention comprising the steps of dividing an objectto
be measured mnto a plurality of measurement regions adjacent
to one another 1n a direction of 1rradiation of a measurement
light, and acquiring a measurement 1mage for every measure-
ment region based on a wavelength spectrum of a coherent
light and acquiring a tomographic 1image for every measure-
ment region by removing a mirror image of a tomographic
image ol an adjacent region being adjacent to the measure-
ment region of the measurement 1image from the measure-
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OPTICAL COHERENCE TOMOGRAPHY
METHOD AND OPTICAL COHERENCE
TOMOGRAPHY APPARATUS THAT
REMOVES A MIRROR IMAGE OF AN
ADJACENT REGION TO THE
MEASUREMENT REGION

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present mmvention relates to an optical coherence
tomography method and an optical coherence tomography
apparatus, and more particularly to an optical coherence
tomography method and an optical coherence tomography

apparatus, using a coherent optical system for use in the
medical field.

2. Description of the Related Art

Currently, there are a wide variety of ophthalmic devices
using optical devices. Examples of such ophthalmic devices
include anterior eye imaging apparatuses, retinal cameras and
scanning laser ophthalmoscopes (SLOs). Among them, opti-
cal coherence tomography (OCT) apparatuses can obtain
tomographic 1images ol objects to be measured at high reso-
lution, and therefore are becoming indispensable devices for
outpatient medical treatments specialized for retinas.

An OCT apparatus 1s disclosed, for example, 1n Japanese
Patent Application Laid-Open No. H11-325849. In an OCT
apparatus disclosed 1n Japanese Patent Application Laid-
Open No. H11-325849, low coherent light 1s used. Light from
a light source 1s divided 1into measurement light and reference
light through a split optical path, such as a beam splitter. The
measurement light 1s applied onto an object to be measured,
such as a human eye, through a measurement optical path, and
return light from the object to be measured 1s led to a detection
position through a detection optical path. The return light as
used herein refers to retlected light or scattered light that
includes information on an iterface of the object to be mea-
sured with respect to the 1rradiation direction of light. The
reference light 1s led to a detection position through a refer-
ence optical path. Input to a detection position 1s coherent
light resulting from 1nterference between the return light and
the reference light. Then, the wavelength spectrum of the
coherent light 1s collectively acquired by the use of a spec-
trometer or the like, and the wavelength spectrum 1s Fourier
transformed, thereby obtaining a tomographic image of the
object to be measured. In general, an OCT apparatus that
collectively measures the wavelength spectrum 1s termed a
spectral-domain OCT (SD-OCT) apparatus.

With an SD-OCT apparatus, the depth of focus and a trans-
versal resolution (the direction perpendicular to an 1irradiation
direction of measurement light) can be adjusted by selecting
a numerical aperture (NA) of a lens used for controlling a
focusing position of the measurement light 1n an object to be
measured. For example, the larger the numerical aperture 1s,
the smaller the depth of focus 1s, but the higher the transversal
resolution 1s. On the other hand, 1f the numerical aperture 1s
reduced, the depth of focus becomes larger, but the transver-
sal resolution becomes lower. In other words, the relationship
between the depth of focus and the transversal resolution 1s a
trade-oil.

As a method that overcomes this relationship, dynamic
focus OCT 1s disclosed in “OPTICS LETTERS Vol. 28, 2003,
pp. 182-184". In this mode, time domain OCT (TD-OCT) that
acquires a tomographic image while changing an optical path
length 1s employed. Then, a tomographic 1image 1s acquired
while changing the optical path length and moving the focus
position of a lens 1n synchronization with each other. As a
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2

result, while the transversal, resolution 1s maintained high,
the measurement range of an object to be measured (the range
in the irradiation direction of measurement light 1 an
acquired tomographic 1image) can be increased.

SUMMARY OF THE INVENTION

In TD-OCT, however, measurement 1s performed while
consecutively changing the optical path length. Therefore, 1t
takes more time to acquire (measure) a tomographic 1image
with TD-OCT than with SD-OCT. In order to achieve high-
speed acquisition of a tomographic image having a large
measurement range of an object to be measured and a high
transversal resolution, a method of performing dynamic
focusing 1 a spectral-domain mode 1s considered. As
described above, 1n the spectral-domain mode, as the trans-
versal resolution increases, the depth of focus decreases.
Accordingly, to increase the measurement range, an object to
be measured needs to be divided 1nto a plurality of measure-
ment regions adjacent to one another along the 1rradiation
direction of measurement light for the purpose of measure-
ment. As the result, a situation 1 which the coherence gate
needs to be arranged 1n the interior of the object to be mea-
sured occurs. The term “coherence gate™ refers to a position
that 1s 1n the measurement optical path and that has the same
optical distance as that of the reference optical path. This
means that images that retlect each other are formed 1n adja-
cent regions across the coherence gate. The two 1mages are
equivalent, and therefore either of them may be employed for
a tomographic 1image. Hereinafter, an image to be acquired
(1.e., an 1mage employed as the tomographic 1image 1n the
region) 1s referred to as a “real image”, and the other image 1s
referred to as a “mirror 1mage”. In the case of adopting the
SD-OCT mode, an 1mage (measurement image) represented
by coherent light includes a real image and a minor image,
and therefore separating the real image from the mirror image
1s indispensable. In an apparatus disclosed 1n Japanese Patent
Application Laid-Open No. 11-325849, 1n order to acquire a
real 1mage of one region, the position of the coherence gate
needs to be changed a plurality of times and then measure-
ment of a spectrum 1s performed. Therefore, 1t takes a long
time for measurement.

Accordingly, an object of the invention 1s to provide an
optical coherence tomography method and an optical coher-
ence tomography apparatus, that can remove a mirror image
from a measurement 1image by a simple method and can
acquire a tomographic 1mage 1n a short time.

An optical coherence tomography method that divides
light from a light source into measurement light and reference
light and acquires a tomographic image of an object to be
measured based on a wavelength spectrum of coherent light
of the reference light and return light, the return light return-
ing from the object to be measured upon 1rradiating the mea-
surement light onto the object to be measured, according to
the present invention, the optical coherence tomography
method comprising the steps of:

dividing the object to be measured into a plurality of mea-
surement regions adjacent to one another 1n a direction of
irradiation of the measurement light, and acquiring a mea-
surement 1image for every measurement region based on the
wavelength spectrum of the coherent light; and

acquiring a tomographic image for every measurement
region by removing a mirror image of the tomographic image
of an adjacent region being adjacent to the measurement
region of the measurement 1mage from the measurement
image.
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An optical coherence tomography apparatus that divides
light from a light source into measurement light and reference
light and acquires a tomographic image of an object to be
measured based on a wavelength spectrum of coherent light
of the reference light and return light, the return light return-
ing from the object to be measured upon 1rradiating the mea-
surement light onto the object to be measured, according to
the present invention, the optical coherence tomography
apparatus comprising;

a measurement 1image acquisition unit configured to, with
the object to be measured divided into a plurality of measure-
ment regions adjacent to one another 1n a direction of irradia-
tion of the measurement light, acquire a measurement 1image
for every measurement region based on the wavelength spec-
trum of the coherent light; and

a tomographic image acquisition unit configured to acquire
a tomographic 1mage for every measurement region by
removing a mirror 1mage of the tomographic image of an
adjacent region being adjacent to the measurement region of
the measurement 1mage from the measurement 1image.

According to some aspects of the invention, 1t 1s possible to
provide an optical coherence tomography method and an
optical coherence tomography apparatus, that can remove a
mirror image from a measurement image by a simple method
and can acquire a tomographic 1image in a short time.

Further features of the present invention will become
apparent from the following description ol exemplary
embodiments with reference to the attached drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FI1G. 1A illustrates an 1deal tomographic image of an object
to be measured.

FI1G. 1B illustrates mirror images retlected in measurement
regions.

FIG. 1C 1llustrates a measurement image of each measure-
ment region.

FIG. 1D 1illustrates a calculated real image of each mea-
surement region.

FI1G. 2 illustrates a configuration of a Mach-Zehnder inter-
ference system used 1 an OCT apparatus according to the
example 1.

FI1G. 3 1llustrates widths of measurement regions.

FIG. 4 1s a flow chart 1llustrating a method of analyzing
measurement 1mage data 1n the example 1.

FI1G. 5 illustrates a relationship of a distance between the
coherence gate and a mirror and a measured intensity when
the mirror 1s used as an object to be measured.

FIG. 6 1s a flow chart 1llustrating a method of analyzing
measurement 1mage data in the example 2.

FIG. 7 1llustrates a method of 1image adjustments of real
1mages.

DESCRIPTION OF THE EMBODIMENT

An optical coherence tomography apparatus according to
this embodiment will be described below.

The optical coherence tomography apparatus according to
the embodiment divides light from a light source into mea-
surement light and reference light through a split optical path.
The measurement light 1s 1rradiated through a measurement
optical path onto an object to be measured. Return light
returning from the object to be measured upon 1rradiation of
the measurement light 1s led through a detection optical path
to a detection position. The focus position of the measure-
ment light in the object to be measured (irradiation direction)
can be controlled by a focus drive mechanism. The reference
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4

light 1s led through a reference optical path to a detection
position. In the reference optical path, a mirror 1s disposed,
and the position of the coherence gate can be adjusted by a
mirror drive mechanism. Since the coherence gate and the
focus position can be controlled 1n synchronization with each
other, 1t 1s possible to divide the object to be measured 1nto a
plurality of measurement regions adjacent to one another
along the 1irradiation direction and sequentially perform mea-
surement for every region.

Light led to the detection position (coherent light of the
return light and the reference light) 1s resolved 1nto its wave-
length spectrum and 1s analyzed. Thus, a tomographic image
ol the object to be measured 1s acquired. In this embodiment,
a measurement 1mage 1s acquired for every measurement
region based on the wavelength spectrum of the coherent
light. By removing from the measurement image a mirror
image of a tomographic 1mage 1n an adjacent region that 1s
adjacent to the measurement region of the measurement
image, a tomographic image (real image) for every measure-
ment region 1s acquired. By combining (joining together) the
real 1mages of all the measurement regions, a homographic
image having a large measurement range and a high transver-
sal resolution (a desired tomographic image) can be acquired.

Here, with reference to FIGS. 1A to 1D, the principle of a
method of acquiring real images and a desired tomographic
image with an optical coherence tomography apparatus
according to this embodiment (an optical coherence tomog-
raphy method according to this embodiment) 1s described. In
FIGS. 1A to 1D, the vertical axis indicates the reflection
intensity (intensity of light) and the horizontal axis indicates
the position (1n the wrradiation direction) 1n the object to be
measured. FIG. 1A 1llustrates an 1deal tomographic image of
an object to be measured. In the embodiment, the object to be
measured 1s divided into measurement regions Z.(0) to Z(5) at
regular intervals, and measurement 1s performed on a region
basis. Reference numerals R(0) to R(5) represent real images
of the measurement regions Z(0) to Z(5), respectively. the
embodiment, the measurement region Z(0) 1s disposed as a
first measurement region at an end of the object to be mea-
sured. A plurality of measurement regions are set so that first
to xth measurement regions (X 1s an integer greater than 1; the
measurement regions Z.(0) to Z(5) in examples of FIGS. 1A to
1D) are arranged sequentially 1n a direction of wrradiation of
measurement light. Note that with an OCT apparatus, a por-
tion having a large difference in refractive index 1s measured
as a large signal. Accordingly, a region at the end of the object
to be measured 1s a region adjacent to a range 1n which the
difference 1n refractive index can be 1gnored. Note that even
in the interior of the object to be measured, if the difference 1n
refractive index can be ignored 1n a range equal to or greater
than the width of the measurement region, the measurement
region in question and aregion disposed 1n the outside thereof
can be regarded as different objects. Therefore, such a mea-
surement region may be regarded as a region at the end of the
object to be measured.

FIG. 1B schematically illustrates a mirror image reflected
in the measurement region Z(1) (a mirror image to be super-
imposed on a real image of the measurement region 7Z(1))
when the coherence gate 1s placed at the boundary of the
measurement region Z(1—1) and the measurement region Z.(1)
(1>1). Since the mirror image reflected 1n the measurement
region Z.(1) 1s a mirror 1mage of the real image of the mea-
surement region Z(1—1), the mirror 1mage 1s denoted by a
reference character R'(1—1). Note that a measurement region
ol 1=0 (the measurement region Z(0)) 1s a region at the end of
the object to be measured, and therefore no mirror 1image
appears.
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FIG. 1C illustrates measurement images S(0) to S(5) of
measurement regions when the coherence gate 1s placed at the
boundary between the measurement region Z(1-1) and the
measurement region Z(1). The measurement images of the
measurement regions Z(1) to Z(5) are images in each of
which a mirror 1mage 1s superimposed on a real image. How-
ever, as described above, no mirror image appears in the
measurement region Z(0), and therefore the measurement
image S(0) of the measurement region Z(0) 1s a real image.

The measurement image S(1) 1s expressed by expressions 1-1
and 1-2.

S(H)=R () i=0 (1-1)

S()=R()+R'(i-1) i=1 to 3 (1-2)

Expression 1-1 represents that the measurement image
S(0) of the measurement region Z(0) 1s a real image R(0).
Expression 1-2 represents that a real image R(1) of the mea-
surement region Z(1) can be obtained by subtracting a mirror
image R'(1—1) of a real image R(1—1) from the measurement
image S(1) of the measurement region Z(1).

Given that the real image obtained by removing the mirror
image from the measurement 1mage 1s denoted by a reference
character C(1), the real image C(1) 1s expressed by expressions
2-1 and 2-2 (reference character C'(i-1) denotes a mirror
image of a real image C(1-1).

C(H)=S() i=0 (2-1)

C(H)=S()-C"i-1)i=1 to 5 (2-2)

The mirror image C'(i-1) can be calculated from the real
image C(1-1). As described above, no mirror 1mage appears
in a first measurement region (the measurement region Z.(0)).
Theretfore 1n the embodiment, the measurement 1image S(0) 1s
employed as a tomographic 1image (real image) C(0) for the
first measurement region. For the second to xth measurement
regions 1n sequence, a Yth (2=Y =X) real image 1s obtained
by removing a mirror image of a real image of a (Y-1)th
measurement region from a measurement 1mage of a Yth
measurement region. That 1s, in an example of FIG. 1D, the
real image C(1) 1s calculated sequentially for 1=1 to 5. This
allows a real image to be acquired for every measurement
region. By joining together acquired real images, a desired
tomographic image can be obtained (FIG. 1D).

Note that 1n the embodiment, the real image C(1) 1s calcu-
lated sequentially from 1=1; however, the calculation method
1s not limited to that 1n the embodiment. For example, 1n cases
where the measurement region Z(5) 1s disposed at the end of
the object to be measured and the coherence gate 1s placed at
the boundary between the measurement region Z(I +1) and
the measurement region Z(1) (I 1s not less than 0 and not more
than y, and y =4 1n examples of FIGS. 1A to 1D), and the
measurement region Z(5) may be the first measurement
region. More specifically, in such a case, the measurement
image S(5) becomes areal image C(5), the minor image of the
real image C(I +1) of the measurement region Z(I +1) 1s
reflected 1n the measurement region Z(1). Therefore, the real
image C(I) can be obtained by subtracting a mirror image C(1I
+1) from the measurement image S(I). A real image of each
measurement region can be obtained by calculating the real
image C(I) sequentially for I =4 to 0.

It 1s conceivable that the ends are positioned in the interior
of the object to be measured. For example, 1t 1s conceivable
that the measurement region 7Z(2) and the measurement
region Z(4) are regions at the ends of the object to be mea-
sured, and there 1s no structure in the measurement region
7.(3). In thus case, 11 the coherence gate 1s placed at the bound-
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6

ary between the measurement region Z(1—1) and the measure-
ment region 7Z(1) the measurement image S(3) becomes the

mirror 1mage of the real image C(2), and the measurement
image S(4) becomes the real image C(4). Therefore, 1n such a
case, real images of the measurement regions Z.(0), Z(1) and
Z.(5) may be calculated 1n the same way as described above.

In this way, with an optical coherence tomography appa-
ratus according to this embodiment, measurement of each
measurement region 1s performed at least once, and using its
data, a real 1mage of each measurement region 1s calculated.
More specifically, with a simple method of removing a mirror
image ol a measurement image by the use of a real image of
another region, a tomographic 1image can be obtained 1n a
short time. Further, by joining together obtained real images
(tomographic 1mages); a tomographic 1image having a large
measurement range 1n the object to be measured and a high
transversal resolution can be obtained at high speed. Thus, a
high-speed, dynamic-focus OCT apparatus can be imple-
mented.

EXAMPLE 1

Next, a specific example of the optical coherence tomog-
raphy apparatus according to this embodiment i1s described.
Specifically, an ophthalmic OCT apparatus to which this
invention 1s applied 1s described below.

<Configuration of Optical Apparatus>

FIG. 2 illustrates a configuration of a Mach-Zehnder inter-
ference system used 1n an OCT apparatus according to this
example. Light emitted from a light source 201 (emuitted light)
passes through a single mode fiber 202-1 and 1s led to a lens
211-1. The emitted light 1s divided into reference light 205
and measurement light 206 by a beam splitter 203-1. After an
eye 207, or an object to be measured, 1s 1rradiated with the
measurement light 206, the measurement light 206 returns as
return light 208, which 1s caused by reflection or scattering.
The reference light and the return light pass through a beam
splitter 203-2, a lens 211-2 and a single mode fiber 202-3 and
are incident on a spectrometer 218. Data such as a wavelength
spectrum of light (coherent light of the return light and the
reference light) acquired in the spectrometer 218 1s input to a
computer 219. Note that the light source 201 1s a super lumi-
nescent diode (SLD), which 1s a representative, low-coherent
light source. Considering the fact that the object to be mea-
sured 1s an eye, it 1s preferable that the emitted light be
inirared light (e.g., light having a center wavelength of 840
nm and a bandwidth of 50 nm).

A description 1s given of the reference optical path of the
reference light 205. The reference light 2035 resulting from
division by the beam splitter 203-1 1s sequentially incident on
mirrors 214-1 to 214-3. The reference light 205 1s led to the
beam splitter 203-2 and 1s incident on the spectrometer 218.
Note that the reference light 205 passes through the interior of
a dispersion-compensating glass 215-1 between the minors
214-1 and 214-2. The length of the dispersion-compensating
glass 215-11s L1, which 1s preferably equal to twice the depth
of a typical eye. This length 1s preferred so as to compensate
the reference light 205 for dispersion caused when the mea-
surement light 206 retlects and scatters in the eye 207. In this
example, the length L1 1s given to be 46 mm. This length 1s
twice 23 mm regarded as the average diameter of an eyeball of
Japanese people. Further, the minors 214-1 and 214-2 can be
moved 1n directions 1ndicated by arrows 1n FIG. 2 by a minor
drive mechanism 213. By moving the positions of the minors
214-1 and 214-2, the optical path length of the reference light
203 can be adjusted and controlled. The reference light 205
passes through the iterior of a dispersion-compensating
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glass 215-2 between the minors 214-2 and 214-3. The disper-
sion-compensating glass 215-2 1s used for dispersion com-
pensating of an objectivelens 216 and a scan lens 217 used for
scanning an €ye.

A description 1s given of the measurement optical path of
the measurement light 206. The measurement light 206
resulting from division by the beam splitter 203-1 1s reflected
from a beam splitter 203-3 and 1s 1incident on a mirror of an
XY scanner 204. The XY scanner 204 performs a raster scan
of a retina 210 1n a direction perpendicular to the optical axis
(irradiation direction). The center of the measurement light
206 1s adjusted so as to be 1n alignment with the center of
rotation of a mirror of the XY scanner 204. The objective lens
216 and the scan lens 217 constitute an optical system for
scanning the retina 210 (leading the measurement light to
various positions of the retina), and are used for scanning the
retina 210 with a point 1n the vicinity of a cornea 209 used as
a supporting point. In this example, focal distances of the
objective lens 216 and the scan lens 217 are 50 mm and 50
mm, respectively. The focus position of the objective lens 216
(in the 1rradiation direction) can be adjusted by a focus drive
mechanism 212. When the measurement light 206 1s incident
on the eye 207, the measurement light 206 reflects and scat-
ters by the retina 210, and returns as the return light 208. The
return light 208 passes through the same optical path up to the
beam splitter 203-3 as the measurement light 206, and passes
through the beam splitter 203-3. Then the return light 208 1s
led by the beam splitter 203-2 to be incident on the spectrom-
cter 218.

Note that the focus drive mechanism, the minor drive
mechanism, the XY scanner 204 and the spectrometer 218 are
controlled by the computer 219 to perform desired operation.
The computer 219 performs data processing, data saving and

image processing of the spectrometer 218.

<Measurement Range>

Next, with reference to FIG. 3, the width (in the irradiation
direction) of the measurement region 1s described. In FIG. 3,
the vertical axis indicates the retlected intensity and the hori-
zontal axis indicates the position (1in the light application
direction) in the interior of an object to be measured. FIG. 3
schematically illustrates a case where a coherence gate 301 1s
placed between the measurement region Z(3) and the mea-
surement region Z(2) adjacent thereto and measurement of
measurement region Z(3) 1s performed. Reference numeral
302 denotes a width of each measurement region, reference
character 303 denotes the measurement depth, and reference
character 304 denotes the depth of focus. The measurement

epth and the depth of focus will be described below.

The depth of focus (DOF) represents the visible range of an
obtained 1image. The depth of focus 1s expressed by expres-
s1on 3 (optical distance) using the numerical aperture (NA) of
a lens used for focusing measurement light into an objectto be
measured and a center wavelength A of a light source. In FIG.
3, the plus side of the range obtained by expression 3 1s
indicated by continuous lines and the minus side 1s indicated
by broken lines.

DOF=+)(2NA?) (3)

In cases where an object to be measured 1s an eye and the
object to be measured 1s divided nto six measurement
regions, 11 the width of each measurement region 1s 500 um,
it 1s prederable that the depth of focus be longer than the total
length of 1000 um (500 um). Note that 1n a typical SD-OCT
apparatus, the whole length of the depth of focus 1s about 3
mm. As a matter of course, 1f the number of division
increases, the measurement region can be made smaller and
therefore the depth of focus can also be decreased. Note that
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a region exceeding the depth of focus to some extent 1s not
without the possibility of measurement. The focus need not
be set at the position of the coherence gate. However, 1n order
to obtain a umiform 1mage, it 1s preferable that the depth of
focus be larger than the width of each measurement region. In
the case of an OCT apparatus, the NA can be changed by
changing the diameter of a light beam. In general, 11 the
diameter of a light beam incident on an eye increases, the NA
Increases.

The measurement depth represents a range 1n which alias-
ing does not occur (occurrence of aliasing makes measure-
ment difficult). The measurement depth 1s expressed by
expression 4 (optical distance) using the number N of pixels
(even number, typically the powers of 2, such as 1024 and
2048) of a line sensor of a spectrometer and a spectral band-
width AK of the wave number detected by the spectrometer.
In FIG. 3, the plus side and the minus side of the range
obtained by expression 4 are indicated by continuous lines
and broken lines, respectively.

Lmax=+N/(4AK) (4)

Assuming that the center wavelength of measurement light
1s 840 nm, the bandwidth 1s 50 nm and the number of pixels
of the line sensor of the spectrometer 1s 1024, the range that
can be measured extends up to an optical distance of about
+3.4 mm. Note that the measurement depth represented by
expression 4 1s a theoretical value, and 1n fact an actual
number of sampling times 1s less than N because of the optical
resonation of a spectrometer. The range that can be accurately
replaced (measured) is therefore smaller than the theoretical
measurement depth. Accordingly, the width of a measure-
ment region needs to be set to be less than the theoretical
measurement depth. In general, the relationship of the width
of the measurement region<the theoretical measurement
depth 1s satisfied. Further, 1n order to obtain a uniform image,
it 1s preferable that the depth of focus (whole length) and the
width of a measurement region satisiy the relationship of
expression 5. That 1s, 1t 1s preferable that the width of the
measurement region be less than one half of the depth of focus
when a measurement image of the measurement region in
question 1s acquired.

2xthe width of the measurement region<the depth of

focus (whole length) (5)

In discrete Fourier transformation, each element constitut-
ing a measurement image has a discrete value which 1s given
by expression 6 (optical distance). Here t 1s an integer for

O=t=N/2.
L=t/(2AK) (6)

Numerical depth resolution o(L) 1s expressed by expres-
sion 7. The numerical depth resolution 6(L) 1s also an interval
perpixel. In this example, the numerical depth resolution o(L)
1s an optical distance of about 6.8 um.

ILmin=8(L)=1/(2AK) (7)

<Signal Processing>

With reference to FIGS. 1A to 1D and FIG. 4, a method of
analyzing data of measurement 1mages (measurement 1mage
data) 1s described. In this example, a case 1n which the coher-
ence gate 1s placed at the boundary between the measurement
region Z(1—1) and the measurement region Z.(1), and measure-
ment of the measurement region Z(1) 1s performed 1s
described. Hereinafter, measurement image data of the mea-
surement region 7Z.(1) 1s denoted by reference character S(1, k).
In this denotation, 11s a region number from 0 to M-1, and k
1s an element number from O to n1n the region (both 1and n are
integers). M 1s the number of regions, and n 1s the number of
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clements that satisty n<IN/2. N 1s the number of pixels of the
line sensor. If the width of a measurement region 1s about S00
um (because o(L)=6.8 um 1n this example), n=500/6 .8=about
74 pixels. The width of the measurement region can be
decreased by increasing the number of divisions, and there-
fore n 1s decreased with respect to the number of pixels of the
line sensor. Note that it 1s assumed that the position of mea-
surement 1mage data S(1-1, n) 1s 1dentical to the position of
measurement 1mage data S(1, 0), and the coherence gate 1s
placed at this position. Similarly, data of a real image of each
measurement region (real image data) 1s denoted by reference
character C(1, k).

In step S1, measurement starts. Note that the mitial value of
11s taken to be 0.

In step S2, the measurement 1mage data of the measure-
ment region Z(1) (1.e., Z(0)) 1s acquired (a measurement
image acquisition unit). Because the object to be measured 1s
an eye, the coherence gate 1s placed at a position on the side of
a cornea with respect to a retina. After the coherence gate 1s
placed on the comea side, the measurement image begins to
change as the coherence gate 1s moved toward the retina.
More specifically, the measurement image approaches closer
to the coherence gate 1n synchronization with the movement
of the coherence gate. As a result of movement, when the
measurement image reaches a desired position, measurement
ol the measurement region Z(0) 1s performed. The desired
position refers to a region where no mirror image 1s produced.
Note that the focus position 1s moved 1n synchronization with
the position of a mirror. Since no mirror image 1s produced in
the measurement region Z(0), a real image C(0, k) can be
directly acquired ram a measurement image S(1, k) as
expressed by expression 8. Then one 1s added to 1, and the
procedure proceeds to step S3.

C(0, k)=S(0, k) 0=k=<n (8).

In step S3, the coherence gate 1s placed at the boundary
between the measurement region Z(i—-1) and the measure-
ment region 7(1), and measurement of the measurement
region 7(1) 1s performed. More specifically, measurement
image data S(1, k) of the measurement region Z.(1) 1s acquired
(a measurement 1mage acquisition unit). Note that measure-
ment 1mage data S(0, 0) 1s not tomographic data (there 1s no
structure of the object to be measured at the position of the
clement), and therefore measurement image data S(0, 1) may
be used 1n place of the measurement image data S(0, 0).

In step S4, mirror 1mage data 1s removed from the mea-
surement 1mage data S(1, k) acquired 1n step S3 to acquire real
image data C(1, k) (a tomographic image acquisition unit).
The removed mirror image data 1s acquired by reversing
relative to the position of the coherence gate (1n this example,
the boundary between the measurement region and the adja-
cent region that 1s adjacent to the measurement region). More
specifically, real image data C (1—1, n-k) as the mirror image
data 1s removed from the measurement 1mage data S(1, k).
Note that real image data C(1, 0) 1s data at the position where
the coherence gate 1s placed, and therefore 1s equal to real
image data C(1—1, n) (expression 9-1). The calculated real
image data C(1, k) 1s expressed by expression 9-2.

Ci, 0y=C(i-1, n) k=0 (9-1)

Cli, K)=SG, k)-Cli-1, n—k) 0<k= (9-2)

In step S5, the real image data C(1, k) acquired for every
measurement region 1s joined together. 11 1 1s smaller than a
desired value (5 1n examples of FIGS. 1A to 1D) (1n this case,
measurement continues; Yes 1n step S6), one 1s added to 1, and
the procedure returns to step S3. If'1 reaches the desired value
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(1=5; 1n this case, measurement ends; No in step S6), the
procedure proceeds to step S7 and then the procedure ends.
By joining together real image data of all the regions, the
desired tomographic image 1s obtained.

It should be noted that calculation 1s made with the coher-
ence gate placed at the boundary of the measurement regions
in this example; however, an error due to the spectrum of a
light source 1s sometimes mixed to a component of S(1, k)
with 1 1n a lower order. In such a case, when a measurement
image 1s acquired, the position of the coherence gate may be
set on a side of the adjacent region with respect to the bound-
ary between the measurement region and the adjacent region.
For example, when measurement of the measurement region
Z.(1) 1s performed, the coherence gate should be shifted from
the boundary between the measurement region Z(1—1) and the
measurement region 7Z(1) toward the measurement region
Z.(1-1) by several to several tens of elements. The number of
shifted elements may be determined depending on the coher-
ence function of a light source, or the like.

In this example, whenever a real image 1s acquired, the real
image 1s joined to other real images. All real images may be
joined together after they have been acquired. Real images
may be calculated after all measurement 1images have been
acquired. As a matter of course, 1f the structure of an object to
be examined 1s unclear, a process of searching a measurement
region in which no mirror image 1s produced may be inserted.
The measurement region in which no mirror 1mage 1s pro-
duced 1s a portion where the coherence gate 1s moved and a
measurement 1image 1s moved only in one direction.

EXAMPLE 2

In example 2, a method of solving a problem due to a
phenomenon specific to the SD-OCT 1s described. With ref-
erence to FIG. 5, the phenomenon specific to the SD-OCT 1s
described. FIG. 3 illustrates a relationship of a distance
between a coherence gate and a mirror for horizontal axis and
a measured intensity for vertical axis (reflected intensity) 1n
the case of using the mirror as an object to be measured.
Specifically, reflected intensities (digital values) measured
when the position of the mirror 1s distant from the coherence

gate by 50, 100, 150, 200, 300, 400, 500, 600, 800, 1000,
1200, 1600 and 2000 um are shown. The dotted line sche-
matically shows the envelop of their results (changes 1n inten-
s1ty with respect to the position in the 1rradiation direction 1n
the measurement region), which i1s a so-called attenuation
function. In FIG. §, as the position of the mirror more distant
from the coherence gate, the intensity attenuates more. This 1s
called “roll-off” or the like, and occurs because of the reso-
lution of a spectrometer and so on.

As described above, 1n the case of the phenomenon occur-
ring, the mtensity 1s stronger as the position 1s closer to the
coherence gate whereas the intensity 1s weaker as the position
1s more distant from the coherence gate. Therelore, at a
boundary of measurement regions, the intensity 1s strong in
one region whereas the intensity 1s weak in the other region.
This causes a lump 1n measured ntensity between regions
adjacent to each other.

<Signal Processing>

With reference to FIG. 6, a method of signal processing (a
method of analyzing measurement image data) when such a
phenomenon occurs 1s described.

In step S2-1, measurement starts.

In steps S2-2 to S2-4, measurement 1mage data 1s sequen-
tially acquired while measurement regions are switched. Note
that in this example, a measurement 1mage 1s acquired 1n a
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range (e.g., 0=k=N-1) broader than the width (e.g., 500 um
(0=k=n)) of a measurement region.
In steps S2-5 and S2-6, measurement 1mage data of each

measurement region 1s sequentially corrected according to a
correction function based on the above-mentioned attenua-
tion function. More specifically, an optical coherence tomog-
raphy apparatus stores 1 advance or acquires the above-
mentioned correction function, and performs correction for
every measurement position (element position) using a value
of correction function corresponding to the position (a value
obtained by substituting the position for the correction func-
tion; correction data). Given that data used for correction 1s

correction data D(1, k), the corrected measurement image data
(correction image data) H(1, k) 1s expressed by expression 10.

H(i, k=SG, kDG, k) (10)

Note that the correction function may be an attenuation func-
tion 1tself obtained from a theory or an experiment, may also
be an approximate function (a straight line or a secondary
curve) or the attenuation function, and nay also be a sum or a
product of the attenuation function and a given coelficient.
Any function may be used 11 it can eliminate a phenomenon as
described above.

The subsequent processing 1s the same as 1 example 1.
More specifically, the corrected measurement image data H(a,
k) 1s used 1n place of the measurement 1image data S(1, k).

Note that a single correction function may be used; how-
ever, 1 characteristics (the above-mentioned characteristics;
the attenuation function) differ from one measurement region
to another, a correction function according to every measure-
ment region 1s preferably prepared (it 1s preferable that a
correction function that differs for every measurement
region). For example, in cases where the depth of focus varies
depending on the position of the focus, the characteristics
vary for every measurement region, and therefore such prepa-
ration 1s elfective.

In steps S2-1 to S2-9, a mirror 1image 1s removed from a
measurement 1mage to acquire a real 1image for every mea-
surement region and an 1image adjustment of the real image 1s
performed for every measurement region. The image adjust-
ment 1s adjustment of the pixel value of a real 1mage and the
position of a measurement region (the position 1n a direction
ol irradiation of measurement light). For example, 1n example
1, the position of the real image data C(1, 0) and the position
of the real image data C(1-1, n) are i1dentical to each other.
However, their positions are sometimes displaced from each
other. This 1s due to a position error of the coherence gate, an
intensity error of a light source, and the like.

With reference to FIG. 7, the image adjustment 1s
described. In FIG. 7, the vertical axis indicates the reflected
intensity, and the horizontal axis indicates the position (in the
irradiation direction) in the object to be measured. In FIG. 7,
real images of the measurement regions Z(3) and Z(4) adja-
cent to each other are indicated by a continuous line and a
broken line, respectively. A real image of the measurement
region Z.(1) overlaps a real image of the measurement region
Z.(1+1) 1n the range of k>n. Part or all of data of the overlap-
ping portion 1s used for the image adjustment. Interpolation 1s
performed between real 1mage data obtained 1n the range of
k>n, and data obtained by the interpolation may be used.
Ideally, the real image data 1s adjusted so that the overlapping
portions match each other. Note that assuming that the real
image ol the measurement region Z(3) has already been
adjusted, adjusting the real 1mage of the measurement region
7.(4) so as to match the real image of the measurement region

7.(3) 1s described below.
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An adjustment of the positions of the measurement regions
(1.e., an adjustment 1n the horizontal axis direction of F1G. 7)
1s performed so that the mtensity difference of the overlap-
ping portion of tomographic images (the continuous line and
the broken line) of the measurement region and its adjacent
region 1s fixed. That 1s, 1n order to cause the mtensity difier-
ence of the overlapping portion of the continuous line and the
broken line to be fixed (e.g., to mimmize the dispersion of
intensity differences of the overlapping portion), the broken
line 1s shifted in the horizontal axis direction. I in the over-
lapping portions, there 1s a specific peak 1n each of the real
images, adjustment may be performed so that their peak
positions match each other. Intensity adjustment (1.e., an
adjustment 1n the vertical axis direction of FIG. 7) 1s per-
formed so that the intensity difference of the overlapping
portion of tomographic images (the continuous line and the
broken line) of the measurement region and 1ts adjacent
region 1s minimum. That 1s, in order to cause the intensity
difference of the overlapping portion of the continuous line
and the broken line to be minimum (e.g., to make the total of
absolute values of intensity differences of the overlapping
portion minimum), the broken line 1s shifted in the vertical
axis direction. Note that 1n the 1image adjustment, only one of
the position and the intensity of the measurement region may
be adjusted. If both the position and the intensity of the
measurement region are adjusted, i1t 1s preferable that the
intensity be adjusted after the position 1s adjusted.

In step S2-10, real images acquired for all the measurement
regions are joined together. Thus, 1n step S2-11, the desired
tomographic 1image can be acquired. Note that when the real
images are joined together, for the overlapping portions, their
average values may be used, and an element whose number 1s
greater than n may be 1gnored.

As a result, data for every measurement region can be
smoothly connected. This enables a more accurate tomo-
graphic 1mage to be obtained.

As described above, according to an optical coherence
tomography apparatus of the present embodiment, a mirror
image 1s produced from a tomographic 1image (real 1image) 1n
the adjacent region (adjacent to a measurement target region).
The acquired mirror image 1s removed from a measurement
image of the measurement target region. With such a simple
method, a mirror image can be removed from a measurement
image. Thus, a tomographic 1image (real image) can be
acquired 1n a short time.

While the present invention has been described with refer-
ence to exemplary embodiments, it 1s to be understood that
the imvention 1s not limited to the disclosed exemplary
embodiments. The scope of the following claims 1s to be
accorded the broadest interpretation so as to encompass all
such modifications and equivalent structures and functions.

This application claims the benefit of Japanese Patent
Application No. 2009-053794, filed on Mar. 6, 2009, which 1s
hereby incorporated by reference herein 1n its entirety.

What 1s claimed 1s:

1. An optical coherence tomography method that divides
light from a light source into measurement light and reference
light and acquires a tomographic image of an object based on
a wavelength spectrum of interfering light of the reference
light and return light, the return light returming from the object
upon wrradiating the measurement light onto the object, the
optical coherence tomography method comprising the steps
of:

acquiring a measurement 1mage based on the wavelength

spectrum at each of a plurality ol measurement regions
of the object adjacent to one another in a direction of
irradiation of the measurement light; and
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acquiring a tomographic 1image at each of the plurality of
measurement regions by removing a mirror image of a
tomographic image of an adjacent region being adjacent
to the measurement region from the measurement
1mage.

2. The optical coherence tomography method according to
claim 1, wherein in the step of acquiring the measurement
image, the plurality of measurement regions are set so that a
first measurement region 1s disposed at an end of the object,
and first to Xth (X 1s an integer greater than one) measurement
regions are arranged sequentially 1n the direction of irradia-
tion of the measurement light, and

wherein 1n the step of acquiring the tomographic image for

every measurement region, for the first measurement
region, the measurement 1mage 1s employed as the
tomographic image, and for the second to Xth measure-
ment regions, 1n turn, the tomographic 1image of a Yth
(2=Y=X) measurementregion 1s acquired by removing
the mirror image of the tomographic image of a (Y-1)th
measurement region from the measurement image of the
Yth measurement region.

3. The optical coherence tomography method according to
claim 1, wherein a width of the measurement region 1n the
direction of irradiation 1s smaller than one half of a depth of
focus upon acquiring the measurement 1mage of the measure-
ment region.

4. The optical coherence tomography method according to
claim 1, further comprising a step of correcting the measure-
ment 1mage according to a correction function determined
based on an attenuation function representing a change in
intensity with respect to a position 1n the measurement region
in the direction of irradiation,

wherein, 1 acquiring the tomographic 1image for every

measurement region, the tomographic image for every
measurement region 1s acquired by removing the mirror
image of the tomographic image of the adjacent region
from the corrected measurement image.

5. The optical coherence tomography method according to
claim 4, wherein the correction function differs for every
measurement region.

6. The optical coherence tomography method according to
claim 1, further comprising a step of adjusting, for every
measurement region, an intensity of the tomographic image
and/or a position of the measurement region 1n the direction
of 1rradiation.

7. The optical coherence tomography method according to
claim 6, wherein the measurement 1image 1s acquired 1n a
range larger than the measurement region, and

wherein when the position of the measurement region 1n

the direction of irradiation 1s adjusted for every measure-
ment region, the position 1s adjusted so that a difference
in 1intensity of an overlapping portion of the tomographic
images of the measurement region and an adjacent
region thereto 1s fixed.

8. The optical coherence tomography method according to
claim 6, wherein the measurement 1mage 1s acquired 1n a
range larger than the measurement region of the measurement
image, and

wherein when the intensity of the tomographic image 1s

adjusted for every measurement region, the itensity 1s
adjusted so that a difference 1n intensity of an overlap-
ping portion of the tomographic 1images of the measure-
ment region and the adjacent region 1s minimuim.

9. The optical coherence tomography method according to
claim 1, wherein the adjacent region 1s adjacent to the mea-
surement region with a coherence gate as a boundary, and the
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mirror 1mage 1s an 1mage obtained by reversing the tomo-
graphic image ol the adjacent region relative to the coherence
gate.

10. The optical coherence tomography method according
to claim 1, wherein when the measurement 1mage 1s acquired,
a position of a coherence gate 1s set on a side of an adjacent
region to the measurement region with respect to a boundary
between the measurement region and the adjacent region.

11. The optical coherence tomography method according
to claim 1, wherein the object 1s a retina.

12. The optical coherence tomography method according
to claim 1, wherein 1n the step of acquiring the tomographic
image, the measurement 1mage of a first measurement region
1s employed as the tomographic image of the first measure-
ment region, and the tomographic 1image of a second mea-
surement region 1s acquired by removing the mirror image of
the tomographic 1image of the first measurement region from
the measurement 1image of the second measurement region,

wherein the first measurement region 1s the measurement

region disposed at an end of the object, and

wherein the second measurement region 1s the measure-

ment region adjacent to the first measurement region.

13. An optical coherence tomography apparatus that
divides light from a light source into measurement light and
reference light and acquires a tomographic image of an object
based on a wavelength spectrum of interfering light of the
reference light and return light, the return light returning from
the object upon 1rradiating the measurement light onto the
object, the optical coherence tomography apparatus compris-
ng:

a computer-implemented measurement 1mage acquisition

unit configured to acquire a measurement 1mage based
on the wavelength spectrum at each of a plurality of

measurement regions ol the object adjacent to one
another 1n a direction of 1rradiation of the measurement
light; and

a computer-implemented tomographic 1mage acquisition

unit configured to acquire a tomographic 1image at each
of the plurality of measurement regions by removing a
mirror 1image of a tomographic image of an adjacent
region being adjacent to the measurement region from
the measurement 1image,

wherein a computer used by the measurement image acqui-

sition unit and by the tomographic image acquisition
unit 1s ncluded 1n the apparatus.

14. The optical coherence tomography apparatus accord-
ing to claim 13, wherein the object 1s a retina.

15. The optical coherence tomography apparatus accord-
ing to claim 13, wherein the tomographic 1mage acquisition
unit employs the measurement 1mage of a first measurement
region as the tomographic 1image of the first measurement
region, and acquires the tomographic image of a second mea-
surement region by removing the mirror image of the tomo-
graphic image of the first measurement region from the mea-
surement 1mage of the second measurement region,

wherein the first measurement region 1s the measurement

region disposed at an end of the object, and

wherein the second measurement region 1s the measure-

ment region adjacent to the first measurement region.

16. The optical coherence tomography apparatus accord-
ing to claim 13, wherein the adjacent region 1s adjacent to the
measurement region with a coherence gate as a boundary, and
the mirror image 1s an 1image obtained by reversing the tomo-
graphic image of the adjacent region relative to the coherence
gate.

17. An optical coherence tomography apparatus that
acquires a tomographic image of an object based on 1nterfer-
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ing light resulting from interference between return light
returning from the object upon 1rradiating measurement light
onto the object and reference light corresponding to the mea-
surement light, the optical coherence tomography apparatus
comprising:

a computer-implemented acquisition unit configured to
acquire a {irst measurement 1mage based on an interfer-
ing light at a first measurement region ot the object, and
to acquire a second measurement 1mage based on an
interfering light at a second measurement region adja-
cent to the first measurement region 1 a direction of
irradiation of the measurement light; and

a computer-implemented removing unit configured to
remove a mirror image of the first measurement 1image

from the second measurement 1mage,

wherein a computer used by the acquisition unit and by the

removing unit 1s included in the apparatus.

18. The optical coherence tomography apparatus accord-
ing to claim 13, wherein when the measurement image 1s
acquired, a position of a coherence gate 1s set on a side of an
adjacent region to the measurement region with respect to a
boundary between the measurement region and the adjacent
region.

19. The optical coherence tomography apparatus accord-
ing to claim 17, wherein the first measurement region 1s
adjacent to the second measurement region with a coherence
gate as a boundary, and the mirror image 1s an image obtained
by reversing the first measurement 1mage relative to the
coherence gate.

20. The optical coherence tomography apparatus accord-
ing to claim 17, wherein the tomographic image 1n the second
measurement region 1s acquired by the removing unit.
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21. The optical coherence tomography apparatus accord-
ing to claim 17, further comprising a computer-implemented
setting unit configured to set the first measurement region at
an end of the object.

22. The optical coherence tomography apparatus accord-
ing to claim 17, further comprising a computer-implemented
changing unmt configured to change a position of a coherence
gate,

wherein the first measurement 1mage 1s acquired when the

position of the coherence gate 1s at a first position, and
the second measurement 1mage 1s acquired when the
position of the coherence gate 1s at a second position,
which 1s different from the first position.

23. The optical coherence tomography apparatus accord-
ing to claim 17, wherein the object 1s a retina.

24. The optical coherence tomography apparatus accord-
ing to claim 17, wherein the first measurement region 1s the
measurement region disposed at an end of the object,

wherein the acquisition unit employs the first measurement

image as the tomographic image of the first measure-
ment region, and

wherein the removing unit acquires the tomographic image

of the second measurement region by removing the mir-
ror image of the tomographic image of the first measure-
ment region from the second measurement 1image.

25. The optical coherence tomography apparatus accord-
ing to claim 17, wherein when the first measurement image 1s
acquired, a position of a coherence gate 1s set on a side of the
second measurement region adjacent to the first measurement
region with respect to a boundary between the first measure-
ment region and the second measurement region.
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